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In the recently solved X-ray structures of the intactBuilding 36, Room 2C19
KvAP channel and the isolated S1-S4 domain, each of36 Convent Drive, MSC 4066
the S1 through S4 segments adopt -helical secondaryBethesda, Maryland 20892
structures, with S3 having two separate helical portions
(Jiang et al., 2003a) (Figure 1A). Although the presence
of five helices within S1-S4 is in agreement with helixSummary
scanning studies on eukaryotic Kv channels (Hong and
Miller, 2000; Li-Smerin et al., 2000a; Li-Smerin and Swartz,In voltage-activated potassium (Kv) channels, basic
2001; Monks et al., 1999), surprisingly, in KvAP none ofresidues in S4 enable the voltage-sensing domain to
these helices have a transmembrane orientation (Figuremove in response to membrane depolarization and
1A). Another unanticipated structural feature observedthereby trigger the activation gate to open. In the X-ray
in the KvAP structures is the presence of the voltage-structure of the KvAP channel, the S4 helix is located
sensor paddle, a helix-turn-helix motif comprised of bothnear the intracellular boundary of the membrane
S3b and S4 helices, positioned toward the intracellularwhere it forms a “voltage-sensor paddle” motif with
membrane-water interface in the periphery of the tetra-the S3b helix. It has been proposed that the paddle
meric complex (Figure 1A). From experiments probingis lipid-exposed and that it translocates through the
the accessibility of biotinylated residues in the voltage-membrane as it activates. We studied the interaction of
sensor paddles to avidin (Jiang et al., 2003b), MacKin-externally applied Hanatoxin with the voltage-sensor
non and coworkers proposed that the paddles in KvAPpaddle in Kv channels and show that the toxin binds
translocate through the hydrophobic membrane coretightly even at negative voltages where the paddle is
during activation, moving from an intracellular positionresting and the channel is closed. Moreover, measure-
when in a resting conformation at negative voltages toments of gating charge movement suggest that Hana-
an extracellular position when activated by membranetoxin interacts with and stabilizes the resting paddle.
depolarization (Figure 1B). The size of the voltage-sen-These findings point to an extracellular location for
sor movements proposed for KvAP are quite largethe resting conformation of the voltage-sensor paddle
(20 A˚), in contrast to the rather small movements pre-and constrain its transmembrane movements during
dicted from fluorescence energy transfer experimentsactivation.
on the Shaker Kv channel (Cha et al., 1999; Glauner et
al., 1999).Introduction
We set out to test this new hypothesis for movement
of the voltage-sensor paddles using Hanatoxin, a proteinThe opening and closing of voltage-activated ion chan-
toxin from tarantula venom that inhibits the Kv 2.1 chan-nels underlies electrical signaling in the nervous system.
nel when applied to the extracellular face of the membraneVoltage-activated K (Kv) channels are tetrameric mem-
(Swartz and MacKinnon, 1995). Unlike the pore-blockingbrane proteins that open and close a K selective pore in
toxins that directly interfere with ion conduction (Miller,
response to changes in membrane voltage (Armstrong,
1995), Hanatoxin inhibits Kv channels by modifying the
2003; Yellen, 1998). From both sequence analysis and
energetics of activation (Swartz and MacKinnon, 1997a).
scanning mutagenesis, each Kv channel subunit is pre- Four observations suggest that Hanatoxin interacts di-
dicted to contain six transmembrane segments, termed rectly with the S3b helix within the voltage-sensor pad-
S1 through S6 (Li-Smerin et al., 2000a; Tempel et al., dle. First, cohabitation of the channel by Hanatoxin and
1987; Yellen, 1998). The ion conduction pore in these a pore-blocking toxin suggests that Hanatoxin binds to
channels is constructed from the S5 through S6 seg- a region peripheral to the outer vestibule of the channel
ments, both of which span the membrane as  helices (Swartz and MacKinnon, 1997b). Second, mutation of 18
(Jiang et al., 2003a; Yellen, 1998), and closure of the residues that make up the perimeter of the extracellular
pore is accomplished by a gate formed by a bundle of surface of the pore domain (S5-S6) show no significant
four S6 segments at the intracellular entrance to the changes in Hanatoxin binding affinity, suggesting that
pore (Armstrong, 1971, 2003; Armstrong and Hille, 1972; the Hanatoxin receptors are located peripherally within
del Camino and Yellen, 2001; Hackos et al., 2002; Holm- the S1-S4 domain (Li-Smerin and Swartz, 2000). Third,
gren et al., 1997, 1998; Jiang et al., 2002a, 2002b; Liu from scanning mutagenesis of the entire S1-S4 domain,
et al., 1997; Zhou et al., 2001). A primary function of the totaling 127 consecutive residues, only mutations in S3b
S1 through S4 segments in Kv channels is to sense and the N-terminal part of S4 significantly alter Hana-
changes in membrane voltage. S4 is rich in Arg and Lys toxin binding affinity (Swartz and MacKinnon, 1997b; Li-
residues and is thought to drive conformation changes Smerin and Swartz, 2000). In the structural model of
KvAP (Figure 1A) and the sequence alignment between
KvAP and Kv2.1 (Figure 1C), residues where mutations*Correspondence: swartzk@ninds.nih.gov
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Figure 1. Structure of the KvAP Channel and
a Model for Voltage-Dependent Activation of
Kv Channels
(A) Structure of the intact KvAP channel
solved by X-ray diffraction (PDB accession
code 1ORQ) (Jiang et al., 2003a) viewed from
the side with two subunits (front and back)
removed for clarity. Four Arg residues in S4
(residues 117, 120, 123, and 126) are colored
blue. Pink and red residues correspond to
positions where mutations in Kv2.1 alter Ha-
natoxin binding affinity (see [C]). Structures
here and in Figures 6 and 7 were generated
using DS Viewer Pro (Accelrys).
(B) Cartoon illustrating large transmembrane
movements of the voltage-sensing paddles
during activation of a Kv channel.
(C) Sequence alignment between KvAP and
Kv2.1 in the region of the voltage-sensor pad-
dle. Yellow shading indicates similarity in se-
quence. S4 Arg residues in KvAP are shown
in blue. Pink and red residues in Kv2.1 are
positions where mutations produce changes
in Hanatoxin binding that are moderate or
large, respectively (Li-Smerin and Swartz, 2000,
2001; Swartz and MacKinnon, 1997b).
have either moderate or large effects on Hanatoxin bind- shows that the channels opened in the presence of toxin
deactivate much faster than unbound control channelsing to the Kv2.1 channel are colored pink and red, re-
spectively. Fourth, the effects of multiple substitutions (Figure 2A). This finding indicates that either the toxin
remains bound throughout the experiment or that theat several positions in S3b (e.g., F274 and E277 in Kv2.1)
are consistent with intimate and specific interactions toxin unbinds upon depolarization and rebinds rapidly
upon hyperpolarization. The kinetics of the tail currentsbetween the toxin and the S3b helix, involving both
strong hydrophobic and ionic interactions (Li-Smerin (5 ms) are more than three orders of magnitude faster
than the apparent kinetics of binding observed whenand Swartz, 2000). The experiments described here use
Hanatoxin to better understand the position and move- the toxin is added to the recording chamber (e.g., Figure
2C), suggesting that the speeding of deactivation is notments of the voltage-sensor paddle in the Kv2.1 channel
by addressing three fundamental questions. First, to caused by rebinding of the toxin. The kinetics of deactiva-
tion reach saturating values as the toxin concentration iswhich state of the paddle does Hanatoxin bind? Second,
which state of the voltage-sensor paddle is stabilized increased (Swartz and Mac Kinnon, 1997a), also incon-
sistent with a rebinding phenomenon. In addition, thewhen the toxin binds? Third, can the toxin-bound paddle
move between resting and activated conformations? tail current kinetics remain rapid for an extended period
of time following removal of the toxin from the recording
chamber, recovering only very slowly to control valuesResults
(Swartz and MacKinnon, 1997a), suggesting that rapid
deactivation reflects the closure of toxin bound channelsRecordings of ionic currents through the Kv2.1 channel
rather than rebinding of the toxin to the channel. All ofreveal that the channel remains closed when the mem-
these previous findings suggest that Hanatoxin-boundbrane is held at negative voltages and that the channel
channels can open, but that they require larger depolar-opens in a steeply voltage-dependent fashion with
ization (i.e., more energy) to do so (see Swartz and Mac-membrane depolarization (Figurea 2A and 2B). When
Kinnon, 1997a, for further discussion).Hanatoxin (5 M) is applied to the extracellular solution,
If the resting voltage-sensor paddle is positioned to-it shifts activation of the channel to more depolarized
ward the intracellular side of the membrane (Figures 1Avoltages (Figures 2A and 2B) (Swartz and MacKinnon,
and 1B), one would predict that Hanatoxin could not1997a, 1997b). Inspection of the inward currents elicited
upon repolarization from positive voltages (tail currents) bind to the resting paddle when the toxin is applied from
Hanatoxin Stabilizes the Resting Voltage Sensor
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Figure 2. Hanatoxin Modifies Kv Channel
Gating and Binds to the Resting State of the
Voltage Sensor
(A) Inhibitory effects of Hanatoxin (5 M) on
Kv2.1 channel ionic currents elicited by weak
and strong depolarizations. Currents were
elicited by depolarization to either 5mV
or 50mV. Holding voltage was 90mV and
tail voltage was 50mV. Leak and capacitive
currents were isolated and then subtracted
by blocking the channel with Agitoxin-2 at the
end of the experiment.
(B) Voltage-activation relations obtained in
the absence or presence of 5 M Hanatoxin.
Tail current was measured after repolariza-
tion to 50mV following various strength de-
polarizations and normalized to the maximal
value in control.
(C) Time course for onset of inhibition by 100
nM Hanatoxin with different pulse frequen-
cies. Holding voltage was 90mV, test volt-
age was 10 mV for 300 ms, and tail voltage
was50mV. Tail current amplitude was mea-
sured after repolarization and normalized to
the value just prior to addition of the toxin to
the recording chamber at time  0. Data are
presented as the mean SEM for seven cells
at 0.2 Hz (5 s interval), five cells at 0.04 Hz
(25 s interval), and five cells without pulsing.
Fitting of single exponential functions to the
time courses yielded   115 s at 0.2 Hz and
  119 s at 0.04 Hz.
(D) Examples of current traces where toxin
was applied (as in [C]) while pulsing at 0.04
Hz (top) or without pulsing (bottom). Leak and
capacitive currents were subtracted as in (A).
(E) Time course for onset of inhibition by 625
nM SGTx with different pulse frequencies.
Holding voltage was90mV, test voltage was
0mV for 300 ms, and tail voltage was50mV.
Tail current amplitude was measured after
repolarization and normalized to the value
just prior to addition of the toxin to the re-
cording chamber at time  0. Data are the
mean  SEM for six cells at 0.2 Hz and six
cells without pulsing. Fitting of a single exponential function to the time course obtained when pulsing at 0.2 Hz yielded a   20 s.
(F) Examples of current traces where toxin was applied (as in [E]) while pulsing at 0.2 Hz (top) or without pulsing (bottom). Leak and capacitive
currents were subtracted as in (A).
the extracellular solution. At very least, submersion of without depolarization while the toxin and channel equil-
ibrate, the extent of inhibition is indistinguishable fromthe paddle in the membrane would be expected to slow
binding of the toxin by many orders of magnitude. In experiments where depolarizing pulses are applied. In
our experimental protocol, the voltage sensors wouldprevious experiments with VSTx, a toxin with about 50%
sequence similarity with Hanatoxin, binding of the toxin be predicted to be in the activated conformation a maxi-
mum of 6% of the time when pulsing at 0.2 Hz and ato the KvAP channel seems to require depolarization of the
membrane (Jiang et al., 2003b). We examined whether minimum of near zero when no pulses were applied. If
the membrane slows the access of Hanatoxin to thedepolarization of the membrane is a requirement for
toxin binding to the Kv2.1 channel by comparing the voltage-sensor paddle by even as little as 100-fold, we
should have readily detected a change in the kinetics ofkinetics for the onset of inhibition when depolarizations
are applied from a negative holding voltage at 0.2 Hz, toxin binding. These results suggest that both Hanatoxin
and SGTx can bind to a closed state of the channel,0.04 Hz, or not at all. We performed these experiments
with both Hanatoxin and SGTx (Marvin et al., 1999; Wang consistent with the binding of these toxins to the resting
conformation of the voltage-sensor paddle. The differ-et al., 2003), another tarantula toxin that is closely related
to Hanatoxin, but were unable to test VSTx because this ences between our results and those reported for VSTx
probably indicate that the inhibitory mechanism fortoxin is inactive against the Kv2.1 channel (data not
shown). As shown in Figures 2C–2F, the kinetics for VSTx is different than the toxins we studied here.
The observation that Hanatoxin shifts channel open-onset of inhibition by either Hanatoxin or SGTx were
unaffected by changing the frequency of depolarization. ing to more depolarized voltages (Figures 2A and 2B)
implies that the toxin inhibits the channel by stabilizing aMoreover, if the channel is held at negative voltages
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Figure 3. Effects of Hanatoxin on Gating
Charge Translocation
(A) Family of gating current records elicited by
depolarization to voltages between 80mV
and 30mV in 10mV increments. Depolariza-
tions were from a holding voltage of 90 mV.
(B) q-V relation obtained by separately inte-
grating On and Off components of gating cur-
rent and plotting the average against voltage.
Data are the mean  SEM for five cells.
Smooth curve corresponds to the fit of a
single Boltzmann function to the data with
V1/2  14mV and z  1.6.
(C) Gating currents elicited by depolarization
to 0mV from a holding voltage of 90mV be-
fore and after the addition of 500 nM Hana-
toxin to the extracellular solution.
(D) Time course for inhibition of gating charge
(average of qon and qoff) by Hanatoxin. Same
cell as in (C).
closed state. There is considerable evidence for a general change independently, followed by a weakly voltage-
dependent concerted transition (Horn et al., 2000; Hoshimodel of Kv channel activation in which each of the four
subunits undergoes a voltage-dependent conformational et al., 1994; Ledwell and Aldrich, 1999; Mannuzzu and
Figure 4. Shift of the Charge versus Voltage
Relation by Hanatoxin
(A) Off gating currents elicited by hyperpolar-
ization to 90mV from the test voltage indi-
cated in the absence (black) and presence
(blue) of 2 M Hanatoxin. Scaling for Off gat-
ing currents after depolarizations to 10mV,
30mV, and 50mV are identical.
(B) q-V relation obtained by integrating the
Off component of gating current in the ab-
sence or presence of Hanatoxin and plotting
against voltage. Same cell as in (A). Smooth
curves correspond to fits of single Boltzmann
functions to the data with V1/2  13mV and
z  1.6 for control and V1/2  28mV and z 
1.3 for toxin.
(C) Fraction of uninhibited Off gating charge
plotted against voltage. q/q0 is charge in 2
M toxin divided by charge in control for any
given voltage.
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Isacoff, 2000; Schoppa and Sigworth, 1998a, 1998b, 1998c;
Smith-Maxwell et al., 1998a, 1998b; Zagotta et al., 1994a,
1994b).
(C1 
K v
 C2)4 
L
 O
The independent transition is governed by the equilib-
rium constant Kv and is presumed to correspond to
movements of the four voltage sensors, whereas the
concerted transition is governed by L and is presumed
to reflect opening of the S6 activation gate. In principle,
Hanatoxin could shift activation of the channel by affect-
ing either of these two types of transitions, in effect,
stabilizing closed states before (C1) or after (C2) the volt-
age sensor moves. Note that the latter possibility would
be compatible with the model for activation of the KvAP
channel (Figure 1B) (Jiang et al., 2003b). If the toxin
binds to and stabilizes a resting state of the voltage-
sensor paddle (C1), then movement of gating charges
that endow the C1 to C2 transition with its strong voltage
dependence should be shifted to more depolarized volt-
ages. To examine this possibility, we studied the effects
of Hanatoxin on gating charge movement (Armstrong
and Bezanilla, 1974; Bezanilla and Stefani, 1998; Perozo
et al., 1993), using a point mutation (P404W) of the Kv2.1
channel that greatly diminishes ionic currents (Figure
3A). Under control conditions we found that the integral
of the gating current elicited by depolarization (qon) is
similar to the integral of the gating current elicited by
subsequent repolarization (qoff), as expected if these cur-
Figure 5. Concentration Dependence for Toxin Inhibition of Channelrents result from the movement of gating charge. Plot-
Opening and Gating Charge Movement
ting the quantity of charge translocated against the ap-
(A) Fraction of uninhibited Off gating charge (Fq) measured at nega-plied voltage yields a q-V relation (Figure 3B) that is in
tive voltages (40mV to 20mV), in the flat phase of the relation in
agreement with previous gating current studies on the Figure 4C, plotted against Hanatoxin concentration. Data are the
Kv2.1 channel (Taglialatela and Stefani, 1993). We ini- mean  SEM from between three to six cells. Smooth red curve is
a fit of Fq  (1-P) to the data where P, the probability of toxin bindingtially asked whether Hanatoxin has an effect on gating
to a single site, is equal to [toxin]/([toxin]  Kd), where Kd  107 nM,currents elicited by relatively weak depolarization be-
with an offset for maximal inhibition of 80%.cause the effects of the toxin on ionic currents are maxi-
(B) Fraction of uninhibited Off gating charge (Fq, open symbols)mal in the negative voltage range (Figures 2A and 2B).
and fraction of uninhibited ionic current (Fi, closed symbols) plotted
When Hanatoxin is applied to the extracellular face of against Hanatoxin concentration. Fq is a corrected quantity allowing
the membrane, the toxin produces a dramatic reduction the fraction to vary from 1 at low toxin concentration to 0 at high
toxin concentration according to: Fq  (Fq  0.2)/0.8. Smooth redin both the On and Off components of gating current
curve corresponds to Fq  (1-P), defined above, with Kd  107 nM.(Figures 3C and 3D). Next, we studied the inhibitory
Fi is the fraction of uninhibited ionic current measured at negativeeffects of Hanatoxin over a wide voltage range to see
voltages (20mV to 10mV), as previously described (Swartz andif the toxin shifts the q-V relation. The results show that
MacKinnon, 1997a). Data are the mean  SEM from between four
the apparent “inhibition” of gating charge translocation to eight cells. Smooth black curve is a fit of Fi  (1-P)4 to the data
can be overcome by strong depolarization, resulting in where P is defined above and Kd  105 nM.
a dramatic shift of the q-V relation to more depolarized
voltages by about 40mV (Figures 4A–4C). These results
support the notion that Hanatoxin binds to and stabilizes 4B and 2C), suggesting that the voltage sensors can un-
dergo their full range of movements with the toxin bound.a resting state of the voltage-sensor paddle, consistent
with the results in Figure 2 showing binding of the toxin Although the effects of Hanatoxin on gating charge
movement are consistent with a stabilization of the rest-to the channel at negative membrane voltages. When
considered together with evidence that toxin-bound ing state of the voltage sensor, an effect of the toxin on
the concerted transition could also shift the q-V relation,channels can open and close (Figures 2A and 2B) (Swartz
and MacKinnon, 1997a), these results also indicate that as has been shown for the V2 mutant of Shaker (Schoppa
et al., 1992; Schoppa and Sigworth, 1998a, 1998b, 1998c),the voltage sensors can move between resting and acti-
vated conformations with the toxin bound. Interestingly, because there is a small amount of charge associated
with the concerted transition, and effects on the C2 tothe maximal value of charge translocated for strong depo-
larizations appears to be unaffected by the toxin (Figures O transition will bias the C1 to C2 equilibrium in favor of
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Figure 6. Stereo Views of the Hanatoxin NMR
Solution Structure
Stereo views of the Hanatoxin NMR solution
structure (PDB accession code 1D1H) (Taka-
hashi et al., 2000) shown as a stick model (A)
or surface rendering with a 1 A˚ probe radius
(B). Hydrophobic residues are green, basic
residues are blue, acidic residues are red, and
both Ser and Thr are pink.
C1. In the case of the V2 mutant, the perturbation in the concentration dependence for the fractional inhibi-
tion of opening, which approximates the fraction ofcharge translocation occurs disproportionately at more
positive voltage, changing the slope and shape of the channels with no toxins bound (Swartz and MacKinnon,
1997a), should be related to receptor occupancy by aq-V. In contrast, Hanatoxin shifts the q-V relation without
changing the slope of the relation (Figure 4B), suggesting fourth power relation. For example, if we apply the toxin
at a concentration equal to the Kd, where half of thethat the effects of the toxin on charge translocation do
not result from an effect on the concerted transition. receptors have a toxin bound, the fraction of channels
with no toxins bound should equal 0.54, or 0.0625. WhenThere is another way to examine whether the effects
of Hanatoxin on charge translocation are exerted by an the concentration dependence for inhibition of channel
opening is assessed from the fraction of uninhibitedeffect on the independent transition. Suppose that four
toxins bind to each channel, one for each voltage sensor, ionic current at negative voltages (Fi), it is well described
by a fourth power relation where the Kd for toxin bindingand that both toxin binding and the effect of the toxin
on charge translocation occur independently between the to each site is 105 nM (Figure 5B), in agreement with the
value of 107 nM obtained from fitting the concentrationfour subunits. In this case we would expect the concen-
tration dependence for inhibition of gating charge move- dependence for inhibition of charge movement with a
single site relation. In other words, the difference be-ment to follow a single site relation and report on toxin
occupancy of individual voltage sensors. Figure 5A shows tween the concentration dependence for inhibition of
opening and charge movement is precisely predictedthe results of experiments where we examined the con-
centration dependence for Hanatoxin inhibition of gating by a simple four independent site model. These results
suggest that Hanatoxin affects gating charge transloca-charge, assayed by measuring the fractional inhibition
of gating charge (Fq) in the negative voltage range, as tion in an independent fashion, and thus support the
notion that Hanatoxin binds to and stabilizes a restingin Figure 4C. The data are well described by a single
site relation with an equilibrium dissociation constant state of the voltage sensor paddle. These results are
also a strong indication that four Hanatoxin molecules(Kd) of 107 nM and maximal inhibition of 80%. Since all
four voltage sensors must activate before the channel can bind to each channel, one for each of the four volt-
age sensors. This does not rule out the possibility thatopens with significant probability (Islas and Sigworth,
1999), one might expect that a single toxin would be the toxin also alters the concerted transition. Indeed, the
maximal conductance at positive voltages is reduced bysufficient to inhibit opening of the channel. In this case
Hanatoxin Stabilizes the Resting Voltage Sensor
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Figure 7. Structural Illustrations for the Inter-
action between Hanatoxin and the Voltage
Sensor
(A) Interaction between Hanatoxin and the
voltage-sensor paddle. The position of the
paddle has been modified based on the ac-
cessibility of biotinylated residues to avidin
(Jiang et al., 2003b) and oriented parallel to
the membrane plane. On the left, Hanatoxin
is shown with the hydrophobic protrusion
dimpling 8 A˚ into the hydrophobic core of
the membrane. The surface rendering of toxin
residues is shown as a wire mesh with color-
ing as in Figure 6. The two candidates for
interaction with Kv2.1 E277 (corresponding
to KvAP G 108) are labeled with R3 on the
side of the toxin pictured and K22 located
on the other side of the toxin (blue residue
peeking through). Red and pink residues in
the voltage-sensor paddle correspond to po-
sitions in Kv2.1 where mutations perturb Ha-
natoxin binding affinity (see Figure 1C). The
three red positions have C atoms labeled
and corresponding numbers in Kv2.1 shown
in parentheses. The four N-terminal S4 Arg
residues are colored blue. The paddle on the
right is colored according to the accessibility
of biotinylated positions to avidin (Jiang et
al., 2003b). Magenta residues are accessible
to extracellular avidin, blue residues are ac-
cessible in intracellular avidin, and yellow res-
idues are accessible to avidin on both sides.
(B) Cartoon illustrating Hanatoxin receptors
exposed to the extracellular side when the
voltage sensors are both resting and acti-
vated.
the toxin (Figures 2A and 2B), an effect that could be dissociates more rapidly once the channel is activated
with large depolarizations. To observe this phenomenon,explained by lowering the maximal open probability
through an effect on the concerted transition. depolarizations must be applied for longer duration (e.g.,
1 s) and at high frequency (e.g., 0.5 Hz) than shown here.
What are the implications of these results for the posi-Discussion
tion and movements of the voltage-sensor paddle during
activation? If Hanatoxin could freely diffuse into the hy-In this paper we set out to better understand the confor-
drophobic core of the membrane, then our results wouldmation of the voltage sensor that is bound and stabilized
be compatible with both an intracellular position of theby Hanatoxin. The results presented here provide evi-
resting voltage-sensor paddle and complete transloca-dence that (1) extracellular Hanatoxin binds to the rest-
tion of the paddle across the membrane during activation.ing state of the voltage sensor; (2) the toxin stabilizes
Although Hanatoxin does contain a number of hydropho-a resting conformation of the voltage sensor; (3) the
bic residues, overall the toxin is a rather hydrophilicvoltage sensors can move between resting and active
molecule, containing 4 Lys, 2 Arg, 1 His, 3 Asp, 1 Glu,conformations with Hanatoxin bound; and (4) four toxins
3 Thr, and 2 Ser residues on its surface, so it seemscan bind to each channel. The emerging picture is that
unlikely that the toxin could freely penetrate the hy-a Kv channel can be activated by membrane depolariza-
drophobic core of the membrane. In addition, we cannottion with four Hanatoxin molecules bound—one toxin for
detect significant (	5%) partitioning of Hanatoxin intoeach of the four voltage sensors. If Hanatoxin stabilizes
octanol when aqueous solutions of the toxin (10 mMa resting state of the voltage sensor, thermodynamic
Tris buffered to pH 7.5) are thoroughly mixed with theconsiderations would suggest that the toxin binds more
organic solvent. The NMR solution structure of Hana-tightly to the resting state when compared to the acti-
toxin (Takahashi et al., 2000) reveals that one face of thevated state. More rapid dissociation from activated volt-
toxin contains a cluster of hydrophobic residues (green),age-gated calcium channels has been elegantly demon-
forming a small protrusion that is almost completelystrated for Grammotoxin (McDonough et al., 1997), a
surrounded by basic (blue) and acidic (red) residues (Fig-homolog of Hanatoxin that interacts with both voltage-
ure 6). From mutagenesis experiments on SGTx (Wanggated calcium and potassium channels (Li-Smerin and
et al., 2003), the face containing the hydrophobic clusterSwartz, 1998). Although our experiments with Hanatoxin
seems to interface directly with the voltage-sensor pad-suggest that toxin-bound channels can open (see Re-
sults), our preliminary data suggest that Hanatoxin also dle. The hydrophobic protrusion projects about 8 A˚ from
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Kv2.1
7 construct was used that contains seven mutations in thethe plane where most of the basic and acidic side chains
S5-S6 linker (Aggarwal and MacKinnon, 1996; Li-Smerin and Swartz,reside, and therefore it is possible that the protrusion
1998), rendering the channel sensitive to the pore-blocking toxinon the toxin dimples a short distance (8 A˚) into the
Agitoxin-2 (Garcia et al., 1994). In these instances, we used Agitoxin-2
membrane before forming a complex with the voltage to block the channel so that capacitive and leak currents could be
sensor paddle. Even in this case, however, the toxin isolated and subtracted. cDNAs encoding the Kv2.1 channel were
linearized with NotI and transcribed with T7 RNA polymerase. Oo-would be located a large distance (20–25 A˚) from the
cytes from Xenopus laevis frogs were removed surgically and incu-voltage-sensor paddle as it is positioned in the X-ray
bated with agitation for 1–1.5 hr in a solution containing 82.5 mMstructure of the intact KvAP channel (Figure 1A), consis-
NaCl, 2.5 mM KCl, 1 mM MgCl2, 5 mM HEPES, and 2 mg/ml collagen-tent with previous results suggesting that the structure
ase (Worthington Biochemical Corp.), pH 7.6 with NaOH. Defollicu-
does not accurately depict the position of the resting lated Xenopus oocytes were injected with cRNA and incubated at
voltage sensor (Jiang et al., 2003b). 17C in a solution containing 96 mM NaCl, 2 mM KCl, 1 mM MgCl2,
1.8 mM CaCl2, 5 mM HEPES, and 50g/ml gentamicin (GIBCO BRL),A distinct position of the resting voltage-sensor pad-
pH 7.6 with NaOH, for 1–7 days prior to electrophysiological re-dle (Jiang et al., 2003b) has been proposed based on
cording.the accessibility of biotinylated Cys residues in KvAP
Oocyte membrane voltage was controlled using two-electrodeto either intracellular or extracellular avidin. This view is
voltage-clamp recording techniques (OC-725C oocyte clamp; War-
illustrated in Figure 7A with a 35 A˚ membrane core, ner Instruments). For ionic current experiments (Figures 2 and 5B),
where the paddle is oriented with the S3b helix closer oocytes were perfused in a 160l recording chamber with a solution
containing 50 mM RbCl, 50 mM NaCl, 1 mM MgCl2, 0.3 mM CaCl2,to the external side of the membrane and S4 closer to
and 5 mM HEPES (pH 7.6). To facilitate gating current measure-the internal side. This modified position of the paddle
ments, we introduced the P404W mutation in Kv2.1, a mutation thatmight allow for some of the hydrophobic residues on
corresponds to the nonconducting P473W mutation in the ShakerHanatoxin’s protrusion (if dimpled into the membrane)
Kv channel (Hackos et al., 2002). In the case of Kv2.1 P404W, when
to interact with hydrophobic residues in S3b, since they expression levels approached 109 channels per cell, small ionic
could be separated by only 5 A˚ if we assume a lower currents are observed in the standard extracellular solution, particu-
larly on repolarization from a depolarized test voltage. We thereforelimit of 30 A˚ for the hydrophobic core of the membrane.
used a modified extracellular solution containing 100 mM NaCl in-However, mutagenesis studies in Kv2.1 suggest that
stead of 50 mM NaCl and 50 mM RbCl for the gating current experi-E277 (corresponding to G108 in KvAP) interacts with
ments shown in Figures 3 and 4. Under these conditions there werebasic residues on the toxin (Li-Smerin and Swartz, 2000)
no ionic currents observed, as evaluated using sensitivity to Agi-
(Figure 7A). From mutagenesis of SGTx (Wang et al., toxin-2. A P/4 subtraction protocol was used to subtract the linear
2003), mutations of only two of the seven basic residues capacitive and leak currents, allowing isolation of gating currents.
Subpulses were in the hyperpolarizing direction from a holding volt-(corresponding to R3 and K22 on Hanatoxin) alter toxin
age of90mV elicited at 0.5 s intervals. For depolarization to positivebinding affinity, making them candidates for interacting
voltages, the P/4 leak subtraction protocols do not enable cleanwith Kv2.1 E277. Both R3 and K22 are positioned above
subtraction of steady-state leak currents during the test depolariza-the hydrophobic protrusion (Figures 6 and 7A). In the
tion and thus only the Off component was examined in the more
position of S3b proposed from biotin-avidin experi- positive voltage range. Data were filtered at 2 kHz (eight-pole Bessel)
ments, an acidic residue at 108 would be 10 A˚ from and digitized at 10 kHz. Microelectrodes were filled with 3 M KCl
and had resistances between 0.2 and 1.0 M. All experiments wereeither R3 or K22 even if we assume that the toxin dimples
conducted at room temperature (22C).into a hydrophobic membrane core that is 30 A˚ thick.
Hanatoxin was purified from Grammostola spatulata venom asIn addition, at least one channel residue near the begin-
previously described (Swartz and MacKinnon, 1995). The toxin prep-ning of the S4 helix (e.g., Kv2.1 F285, corresponding to
aration used in these experiments is an approximately equal mixture
KvAP F116) appears to interact with Hanatoxin, raising of two isoforms that differ at position 13 where Hanatoxin1 contains
the possibility that the toxin binds to the open face of Ser and Hanatoxin2 contains Ala. Venom was purchased from Spider
Pharm (Yarnell, AZ).the helix-turn-helix motif, making it even more difficult
to complex the toxin and paddle in this view. Thus,
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voltage-sensor paddle in either the structure of the intact
We thank Miguel Holmgren, Chris Miller, Joe Mindell, Shai Silber-
KvAP channel or the modified model based on avidin berg, and members of the Swartz Lab for helpful discussions and
accessibility. Instead, our results point to a position of critique of the manuscript.
the S3b helix, and probably also a portion of the
Received: July 11, 2003N-terminal part of the S4 helix, that is near the extracellu-
Revised: August 29, 2003lar solution when the voltage sensor adopts both resting
Accepted: September 17, 2003and activated conformations (Figure 7B). If the appar-
Published: October 29, 2003
ently stable packing between S3b and S4 helices within
the helix-turn-helix paddle motif is maintained as the References
channel activates, as has been suggested (Jiang et al.,
Aggarwal, S.K., and MacKinnon, R. (1996). Contribution of the S42003a, 2003b), our constraints on the S3b helix would
segment to gating charge in the Shaker K channel. Neuron 16,significantly limit how far the voltage-sensor paddle can
1169–1177.move within the hydrophobic core of the membrane
Armstrong, C.M. (1971). Interaction of tetraethylammonium ion de-during activation.
rivatives with the potassium channels of giant axons. J. Gen. Physiol.
58, 413–437.Experimental Procedures
Armstrong, C.M. (2003). Voltage-gated K channels. Sci STKE, re10.
Armstrong, C.M., and Bezanilla, F. (1974). Charge movement associ-The Kv2.1 channel cDNA (Frech et al., 1989) in a bluescript construct
was modified by introducing unique restriction sites (Swartz and ated with the opening and closing of the activation gates of the Na
channels. J. Gen. Physiol. 63, 533–552.MacKinnon, 1997b). For the experiments described in Figure 2, a
Hanatoxin Stabilizes the Resting Voltage Sensor
535
Armstrong, C.M., and Hille, B. (1972). The inner quaternary ammo- Li-Smerin, Y., and Swartz, K.J. (2001). Helical structure of the COOH
terminus of S3 and its contribution to the gating modifier toxinnium ion receptor in potassium channels of the node of Ranvier. J.
Gen. Physiol. 59, 388–400. receptor in voltage-gated ion channels. J. Gen. Physiol. 117,
205–218.Bezanilla, F., and Stefani, E. (1998). Gating currents. Methods Enzy-
Li-Smerin, Y., Hackos, D.H., and Swartz, K.J. (2000a). Alpha-helicalmol. 293, 331–352.
structural elements within the voltage-sensing domains of a KCha, A., Snyder, G.E., Selvin, P.R., and Bezanilla, F. (1999). Atomic
channel. J. Gen. Physiol. 115, 33–49.scale movement of the voltage-sensing region in a potassium chan-
Liu, Y., Holmgren, M., Jurman, M.E., and Yellen, G. (1997). Gatednel measured via spectroscopy. Nature 402, 809–813.
access to the pore of a voltage-dependent K channel. Neurondel Camino, D., and Yellen, G. (2001). Tight steric closure at the
19, 175–184.intracellular activation gate of a voltage-gated K channel. Neuron
Mannuzzu, L.M., and Isacoff, E.Y. (2000). Independence and cooper-32, 649–656.
ativity in rearrangements of a potassium channel voltage sensorFrech, G.C., VanDongen, A.M., Schuster, G., Brown, A.M., and Joho,
revealed by single subunit fluorescence. J. Gen. Physiol. 115,R.H. (1989). A novel potassium channel with delayed rectifier proper-
257–268.ties isolated from rat brain by expression cloning. Nature 340,
Mannuzzu, L.M., Moronne, M.M., and Isacoff, E.Y. (1996). Direct642–645.
physical measure of conformational rearrangement underlying po-Garcia, M.L., Garcia-Calvo, M., Hidalgo, P., Lee, A., and MacKinnon,
tassium channel gating. Science 271, 213–216.R. (1994). Purification and characterization of three inhibitors of
Marvin, L., De, E., Cosette, P., Gagnon, J., Molle, G., and Lange, C.voltage-dependent K channels from Leiurus quinquestriatus var.
(1999). Isolation, amino acid sequence and functional assays ofhebraeus venom. Biochemistry 33, 6834–6839.
SGTx1. The first toxin purified from the venom of the spider scodraGlauner, K.S., Mannuzzu, L.M., Gandhi, C.S., and Isacoff, E.Y. (1999).
griseipes. Eur. J. Biochem. 265, 572–579.Spectroscopic mapping of voltage sensor movement in the Shaker
McDonough, S.I., Lampe, R.A., Keith, R.A., and Bean, B.P. (1997).potassium channel. Nature 402, 813–817.
Voltage-dependent inhibition of N- and P-type calcium channels byHackos, D.H., Chang, T.H., and Swartz, K.J. (2002). Scanning the
the peptide toxin omega-grammotoxin-SIA. Mol. Pharmacol. 52,intracellular S6 activation gate in the shaker K channel. J. Gen.
1095–1104.Physiol. 119, 521–532.
Miller, C. (1995). The charybdotoxin family of K channel-blocking
Holmgren, M., Smith, P.L., and Yellen, G. (1997). Trapping of organic
peptides. Neuron 15, 5–10.
blockers by closing of voltage-dependent K channels: evidence
Monks, S.A., Needleman, D.J., and Miller, C. (1999). Helical structurefor a trap door mechanism of activation gating. J. Gen. Physiol.
and packing orientation of the S2 segment in the Shaker K channel.109, 527–535.
J. Gen. Physiol. 113, 415–423.
Holmgren, M., Shin, K.S., and Yellen, G. (1998). The activation gate
Perozo, E., MacKinnon, R., Bezanilla, F., and Stefani, E. (1993). Gat-of a voltage-gated K channel can be trapped in the open state by
ing currents from a nonconducting mutant reveal open-closed con-an intersubunit metal bridge. Neuron 21, 617–621.
formations in Shaker K channels. Neuron 11, 353–358.
Hong, K.H., and Miller, C. (2000). The lipid-protein interface of a
Perozo, E., Santacruz-Toloza, L., Stefani, E., Bezanilla, F., andShaker K channel. J. Gen. Physiol. 115, 51–58.
Papazian, D.M. (1994). S4 mutations alter gating currents of Shaker
Horn, R. (2000). Conversation between voltage sensors and gates K channels. Biophys. J. 66, 345–354.
of ion channels. Biochemistry 39, 15653–15658.
Schoppa, N.E., and Sigworth, F.J. (1998a). Activation of shaker po-
Horn, R., Ding, S., and Gruber, H.J. (2000). Immobilizing the moving tassium channels. I. Characterization of voltage-dependent transi-
parts of voltage-gated ion channels. J. Gen. Physiol. 116, 461–476. tions. J. Gen. Physiol. 111, 271–294.
Hoshi, T., Zagotta, W.N., and Aldrich, R.W. (1994). Shaker potassium Schoppa, N.E., and Sigworth, F.J. (1998b). Activation of Shaker po-
channel gating. I: Transitions near the open state. J. Gen. Physiol. tassium channels. II. Kinetics of the V2 mutant channel. J. Gen.
103, 249–278. Physiol. 111, 295–311.
Islas, L.D., and Sigworth, F.J. (1999). Voltage sensitivity and gating Schoppa, N.E., and Sigworth, F.J. (1998c). Activation of Shaker po-
charge in Shaker and Shab family potassium channels. J. Gen. Phys- tassium channels. III. An activation gating model for wild-type and
iol. 114, 723–741. V2 mutant channels. J. Gen. Physiol. 111, 313–342.
Jiang, Y., Lee, A., Chen, J., Cadene, M., Chait, B.T., and MacKinnon, Schoppa, N.E., McCormack, K., Tanouye, M.A., and Sigworth, F.J.
R. (2002a). Crystal structure and mechanism of a calcium-gated (1992). The size of gating charge in wild-type and mutant Shaker
potassium channel. Nature 417, 515–522. potassium channels. Science 255, 1712–1715.
Jiang, Y., Lee, A., Chen, J., Cadene, M., Chait, B.T., and MacKinnon, Seoh, S.A., Sigg, D., Papazian, D.M., and Bezanilla, F. (1996). Volt-
R. (2002b). The open pore conformation of potassium channels. age-sensing residues in the S2 and S4 segments of the Shaker K
Nature 417, 523–526. channel. Neuron 16, 1159–1167.
Jiang, Y., Lee, A., Chen, J., Ruta, V., Cadene, M., Chait, B.T., and Smith-Maxwell, C.J., Ledwell, J.L., and Aldrich, R.W. (1998a). Role
MacKinnon, R. (2003a). X-ray structure of a voltage-dependent K of the S4 in cooperativity of voltage-dependent potassium channel
channel. Nature 423, 33–41. activation. J. Gen. Physiol. 111, 399–420.
Jiang, Y., Ruta, V., Chen, J., Lee, A., and MacKinnon, R. (2003b). Smith-Maxwell, C.J., Ledwell, J.L., and Aldrich, R.W. (1998b). Un-
The principle of gating charge movement in a voltage-dependent charged S4 residues and cooperativity in voltage-dependent potas-
K channel. Nature 423, 42–48. sium channel activation. J. Gen. Physiol. 111, 421–439.
Larsson, H.P., Baker, O.S., Dhillon, D.S., and Isacoff, E.Y. (1996). Starace, D.M., Stefani, E., and Bezanilla, F. (1997). Voltage-depen-
Transmembrane movement of the shaker K channel S4. Neuron dent proton transport by the voltage sensor of the Shaker K chan-
16, 387–397. nel. Neuron 19, 1319–1327.
Ledwell, J.L., and Aldrich, R.W. (1999). Mutations in the S4 region Swartz, K.J., and MacKinnon, R. (1995). An inhibitor of the Kv2.1
isolate the final voltage-dependent cooperative step in potassium potassium channel isolated from the venom of a Chilean tarantula.
channel activation. J. Gen. Physiol. 113, 389–414. Neuron 15, 941–949.
Li-Smerin, Y., and Swartz, K.J. (1998). Gating modifier toxins reveal Swartz, K.J., and MacKinnon, R. (1997a). Hanatoxin modifies the
a conserved structural motif in voltage-gated Ca2 and K channels. gating of a voltage-dependent K channel through multiple binding
Proc. Natl. Acad. Sci. USA 95, 8585–8589. sites. Neuron 18, 665–673.
Swartz, K.J., and MacKinnon, R. (1997b). Mapping the receptor siteLi-Smerin, Y., and Swartz, K.J. (2000). Localization and molecular
determinants of the hanatoxin receptors on the voltage-sensing for hanatoxin, a gating modifier of voltage- dependent K channels.
Neuron 18, 675–682.domain of a K channel. J. Gen. Physiol. 115, 673–684.
Neuron
536
Taglialatela, M., and Stefani, E. (1993). Gating currents of the cloned
delayed-rectifier K channel DRK1. Proc. Natl. Acad. Sci. USA 90,
4758–4762.
Takahashi, H., Kim, J.I., Min, H.J., Sato, K., Swartz, K.J., and Shi-
mada, I. (2000). Solution structure of hanatoxin1, a gating modifier
of voltage-dependent K channels: common surface features of
gating modifier toxins. J. Mol. Biol. 297, 771–780.
Tempel, B.L., Papazian, D.M., Schwarz, T.L., Jan, Y.N., and Jan,
L.Y. (1987). Sequence of a probable potassium channel component
encoded at Shaker locus of Drosophila. Science 237, 770–775.
Wang, J., Roh, S.H., Kim, S.H., Lee, C.W., Kim, J.I., and Swartz, K.J.
(2003). Functional mapping of the molecular surface of a gating
modifier toxin for voltage-gated K channels. Biophys. J. 84, 218a.
Yang, N., George, A.L., Jr., and Horn, R. (1996). Molecular basis
of charge movement in voltage-gated sodium channels. Neuron
16, 113–122.
Yellen, G. (1998). The moving parts of voltage-gated ion channels.
Q. Rev. Biophys. 31, 239–295.
Zagotta, W.N., Hoshi, T., and Aldrich, R.W. (1994a). Shaker potas-
sium channel gating. III: Evaluation of kinetic models for activation.
J. Gen. Physiol. 103, 321–362.
Zagotta, W.N., Hoshi, T., Dittman, J., and Aldrich, R.W. (1994b).
Shaker potassium channel gating. II: Transitions in the activation
pathway. J. Gen. Physiol. 103, 279–319.
Zhou, M., Morais-Cabral, J.H., Mann, S., and MacKinnon, R. (2001).
Potassium channel receptor site for the inactivation gate and quater-
nary amine inhibitors. Nature 411, 657–661.
